Aim The global biodiversity crisis requires identifying regions with high evolutionary potential, i.e. Evolutionary Hotspots (Evospots). We created an analytical framework based on comparative phylogeography and coalescent methods to assess the dynamics of diversification and population persistence in the reef ecosystem of a little studied region: the Southwestern Indian Ocean (SWIO).
INTRODUCTION
Coral reefs harbour a large fraction of marine biodiversity and represent an invaluable ecosystem for tropical coastal communities (Moberg & Folke, 1999 ), but are facing major global and local threats (Riegl et al., 2009) . Given financial limitations it is important to focus conservation efforts on key areas that ensure the long term persistence of the greatest fraction of global biodiversity. "Biodiversity Hotspots"
were originally defined in terrestrial ecosystems as areas of high diversity and endemism facing high levels of threats (Myers, 1988) , but have also been used to denote areas of high species richness (Reid, 1998) . Using the diversity patterns and level of threats of thousands of reef fishes and invertebrates, Roberts et al. (2002) similarly identified several marine Biodiversity Hotspots within the Indo-west Pacific (IWP), some at the periphery of the region. Because peripheral zones are usually understudied and tend to be both areas of endemism and engines of diversification (Malay & Paulay, 2010) , there is a clear need to further evaluate their role as sources and reservoirs of biodiversity (Bellwood & Meyer, 2009 ).
For long-term persistence of biodiversity, it is important to also identify areas holding key ecological and evolutionary processes in addition to diversity (Moritz, 2002; Briggs, 2005) . Vandergast et al. (2008) proposed "Evolutionary Hotspots" (herein referred to as Evospots) for areas where multiple taxa show high genetic divergence and diversity, reflecting high evolutionary potential. In this context, the impact of profound environmental changes during the Pleistocene, that caused extinctions, distributional and demographic change (Hewitt, 2000) is especially important to evaluate. To assess the recent evolutionary history of taxa and potential Evospots, it is necessary to develop an analytical framework combining coalescence and evolutionary significant units (ESUs) across co-occurring species with contrasting life history traits.
Such a framework enables assessing how a region generates and maintains biodiversity. First, it allows for identifying time periods, locations and biological traits involved in intraregional diversification.
Second, it permits assessing whether the region can maintain biodiversity, by revealing the long-term persistence of populations and the presence of regional refuges. Regional survival of species through several glacial periods can be identified using the coalescent to retrace demographic histories in the light of palaeoclimates (Provan & Bennett, 2008) . This approach more clearly demonstrates maintenance of biodiversity than the commonly used measure of intraspecific genetic diversity (e.g. Vandergast et al., 2008) . Furthermore, it is important to assess the connectivity among populations, since high levels suggest resilience at the metapopulation scale (Botsford et al., 2009) .
In this pilot study, we test the utility and limitations of our framework to identify Evospots for brittlestars (Echinodermata: Ophiuroidea) in the Southwestern Indian Ocean (SWIO), a relatively little studied area (Wafar et al., 2011) . Using this framework, we evaluate diversification, survival of lineages, and connectivity of populations.
MATERIALS AND METHODS

Sampling and DNA sequencing
We utilised collections from a large-scale biodiversity survey, selecting 10 locally common, widespread, reef-associated brittle-star species with contrasting dispersal abilities. Specimens were collected with scuba and snorkelling in shallow reefs at La Reunion Island (REU), Tromelin Island (TRO), Mayotte Island (MAY), Glorieuse Island (GLO), Europa Island (EUR), Juan De Nova (JDN), and two areas in Madagascar:
Nosy-Be Island (NBE) and Toliara (TOL) (Fig. 1 ). All specimens were identified to the species (Clark & Rowe, 1971; Cherbonnier & Guille, 1978; Boissin et al., in revision) , or subspecies level (O. cincta cincta Müller & Troschel, 1842 and O. c. garretti Sloan, 1979) using the appropriate nomenclature (Stöhr & Figure 1 . Sampling locations and sample sizes in the SWIO. Oceanic circulation shown schematically after Schott & McCreary (2001) ; the -120 m isobaths, representing late Pleistocene glacial low stand, is marked by the white line. EUR, Europa Island (n=5); GLO, Glorieuse Island (n=17); JDN, Juan De Nova (n=4); MAY, Mayotte Island (n=21); NBE, Nosy-Be Island (n=59); REU, Reunion Island (n=150); TOL, Toliara (n=49); TRO, Tromelin Island (n=3) . O'Hara, 2013) . Species represented by >10 specimens from ≥2 SWIO locations are included. Additional samples from outside the SWIO were included when available in the Florida Museum of Natural History (University of Florida) collection. We analysed 345 specimens of 10 nominal species from four families (see Appendix S1, S2 in Supporting Information), including a new species of Ophiocoma (Boissin et al., in revision; Stöhr et al., in prep) .
Total genomic DNA was extracted from a piece of arm following the DNeasy kit protocol (Qiagen, Hilden, Germany). Genetic diversity was assessed using cytochrome c oxidase subunit I (COI), because this marker is effective for assessing species limits (Ward et al., 2008; Hoareau & Boissin, 2010) and phylogeographic patterns in echinoderms (Boissin et al., 2011; Vogler et al., 2012) . We amplified a 655 bp portion of the 5' region of this gene using echinoderm-specific hybrid primers (Hoareau & Boissin, 2010) . For a subset of samples, we amplified 500 bp of the 16S ribosomal gene using universal primers (Palumbi, 1996) , to check for potential artefacts linked to co-amplification of nuclear pseudogenes of COI. PCR conditions and cycling parameters were as described in these studies. PCR products were sequenced using BigDyeTerminator (Applied Biosystems, Foster City, California, USA) cycle sequencing reactions, and an ABI-3730-XL for electrophoresis at the Interdisciplinary Center for Biotechnology Research (University of Florida). Sequences were aligned using MAFFT v6 online (http://mafft.cbrc.jp/alignment/server/) and the FFT-NS-i setting (Slow; iterative refinement method), a gap-opening penalty of 1.53, and the default substitution matrix BLOSUM62. Sequences are available in GenBank (KC759737-KC760145, see Appendix S1).
Evolutionary significant units and phylogenetic species concept
Our assessment of diversity pattern focuses on genetically distinct ESUs (Waples, 1991) that satisfy the phylogenetic species concept (Nixon & Wheeler, 1990 ). We will consider two populations as distinct ESUs if they are 1) reciprocally monophyletic at COI, and 2) further distinguished by colour pattern, distribution range and/or morphology. Furthermore, when genetically distinct groups co-exist in sympatry, reproductive barriers between them are required and they can be considered distinct biological species (Coyne & Orr, 2004) . Consequently, when ESUs occur sympatrically and have the potential for encounters and interbreeding, the lack of gene flow indicated by covarying independent characters implies that they meet the criteria for the biological species concept.
Larval developmental modes and dispersal potential
Most brittle-stars have pelagic larvae. Planktotrophic larvae are pelagic feeders, typically take weeks to develop, and are usually capable of substantially delaying settlement and metamorphosis. In contrast lecithotrophic larvae do not feed, often complete development within days in tropical waters, and their capacity to delay settlement may be limited by energy reserves (Emlet, 1990) . These life history traits may correlate with dispersal capacity (Young et al., 1997; Richards et al., 2007) . Larval development has been documented for four of the species studied: Ophiarachnella gorgonia (Müller & Troschel, 1842) and Ophiolepis cincta are lecithotrophic and can settle after a few days (Mortensen, 1938; Cisternas & Byrne, 2005) , while Ophiocoma erinaceus Müller & Troschel, 1842 and O. scolopendrina (Lamarck, 1816) are planktotrophic (Mortensen, 1938) , and some Ophiocoma can stay in the plankton for up to three months (Mladenov, 1985) . Because there is substantial phylogenetic constraint on the mode of development at the genus level (Selvakumaraswamy & Byrne, 2004) (Mortensen, 1938) , while Ophioplocus imbricatus (Müller & Troschel, 1842) (Hendler, 1975; Komatsu & Shosaku, 1993) , Ophionereis porrecta Lyman, 1860 (Selvakumaraswamy & Byrne, 2004) and Ophiopeza fallax Lütken, 1869 (Byrne et al., 2008 are lecithotrophic.
Genetic diversity and phylogenetic analyses
For each nominal species and lineage, we estimated number of haplotypes (H), haplotype diversity (Hd) and nucleotide diversity (π) and two estimates of the mutational parameter θ that are proxies for effective population size (θ=2N e µ; N e : effective population size; µ: mutation rate): Watterson's θ s and Tajima's θ π , using ARLEQUIN V3.1 (Excoffier et al., 2005) . Relationships were assessed with a neighborjoining (NJ) tree using the program MEGA V5.01 (Tamura et al., 2011) with 1,000 permutations and applying the K2P model (no difference observed with the best fitting model: TN93). K2P patristic distances were calculated between and within lineages.
Time to the most recent common ancestor (T mrca )
We estimated T mrca for groups of haplotypes using the program BEAST v.1.6.1 (Drummond & Rambaut, 2007) . For each nominal species, we identified the best model of evolution using MEGA V5: HKY (O. brevipes, O. cynthiae, O. erinaceus, O. fallax, O. porrecta) and TN93 (O. nov. sp., O. scolopendrina, O. imbricatus, O. gorgonia) . Each run started with a randomly generated tree and several priors were tested using a Bayes-factor approach available in BEAST: two tree priors (constant growth, exponential growth) and four molecular clock models (strict clock, relaxed uncorrelated lognormal and exponential clocks, and random local clock). As no molecular clocks have been calibrated for ophiuroids, we applied a COI-based echinoid clock of 3.7% Ma -1 (HPD95: 2.9 -4.5% Ma -1 ) based on divergence across the Isthmus of Panama (Lessios, 2008) . Chain lengths were varied between 20 -1000 million among species to ensure good chain mixing (effective sample size or ESS>200). A total of 10,000 phylogenetic trees and parameters were recovered after discarding the first 25% as burn-in. Three replicates were completed for each lineage, combined, and re-sampled using the program LOGCOMBINER V1.6.1. Then, the program TRACER V1.5 provided the highest posterior density region at 95% (HPD95) as confidence interval for T mrca .
Tests for demographic changes
We used three parameters to test for departure from a constant population size and neutrality: Tajima would produce unimodal and multimodal distributions respectively. For taxa that fit the model of demographic expansion, we estimated time since expansion using the approximate intra-population coalescent time τ (τ=2µT exp ; µ = mutation rate per year per locus; T exp = start of expansion) in ARLEQUIN.
We used BEAST to reconstruct changes in N e by generating Bayesian Skyline Plots (BSPs; Drummond et al., 2005) . The program generates a posterior probability distribution for N e backward in time from the distribution of coalescence events in gene genealogies using Markov Chain Monte Carlo (MCMC) samplings. We used the same substitution models, clock models, divergence rates, and sampling scheme as for T mrca . We set the number of groups to 10 and ensured that all the ESSs were above 200. We then used TRACER V1.6.1 to generate the evolution of N e T (with T = generation time) over time together with confidence intervals. Association between demographic evolution and environmental change were illustrated by overlying changes in N e with sea-levels (Waelbroeck et al., 2002) and Marine Isotopic Stages (MIS, cool and warm periods deduced from oxygen isotope data; Lisiecki & Raymo, 2005) .
Tests for spatial genetic variation
The AMOVA framework was used to search for overall (overall Φ st ) and between localities (pairwise Φ st )
spatial differentiation excluding small sample sizes (N<5 Phylogeny-trait correlations (PTC) were used as a complementary method to test for association between locality (spatial character) and genetic variation (phylogeny) using the program BATS V2.0 (Parker et al., 2008) . The method is based on a Bayesian Markov Chain Monte Carlo approach and accounts for uncertainty arising from phylogenetic errors. It thus provides a statistical framework to test the null hypothesis that localities are randomly associated at the tips of the phylogeny. First, the parsimony score statistic (PS) represents the most parsimonious number of character changes in the phylogeny. The PS of the phylogeny is compared against the null distribution of PS obtained from the randomised tip-character associations on the tree (significantly lower PS values indicate phylogeny-trait association). Second, the association index statistic (AI) compares the distribution of characters for all internal nodes of the phylogeny against random distributions. Finally, the monophyletic clade statistic (MC) quantifies the association between the phylogeny and a specific character (one locality). A specific locality strongly associated with the phylogeny will display larger monophyletic clades than expected under random association. For each lineage, we used 10,000 BEAST-generated phylogenetic trees as input and tested each parameter by generating a null distribution from 1000 replicates. These approaches allowed us to test (1) for a restriction of gene flow between the localities (AI and PS statistics) and (2) whether all the localities respond equally to spatial genetic variation (MC statistic).
RESULTS
Evidence for cryptic species
Of the 10 nominal species four included eleven deeply-divergent lineages in the SWIO ( Fig. 2 and 3 .
(concordance of 16S); 2) mean 14.3% K2P divergences (Table 1a) , thus in the range observed among echinoderm species (Ward et al., 2008; Hoareau & Boissin, 2010) , representing an estimated divergence time of 1.6-3.8 Ma (Table 1a) ; 3) each lineage is strongly supported (100% bootstrap), with COI sequence variation <1.6% K2P (Table 1b) , thus in the range observed within echinoderm species (Ward et al., 2008; Hoareau & Boissin, 2010) , representing estimated ages of 0.06-0.53 Ma (Table 1b) ; 4) The differences in genetic diversity between and within lineages suggest a clear barcoding gap (Meyer & Paulay, 2005 is mottled dark grey, while L5 is uniformly dark brown (Fig. 3a) . In O. gorgonia, L2 is conspicuously dark grey with paler, banded arms, while L1 is white and green with red patches, as typical for the nominal species elsewhere (Fig. 3b) . In O. fallax, L1 is yellow and brown with dark banded arms, while L2 has a disc with pink and dark patches and a conspicuous, red, proximal dorsal arm plate (Fig. 3c) . In O.
porrecta, L1 presents the usual colouration of the species, light beige with brown irregular markings on the disc and brown arms, while L2 is white with bright orange patches both on disc and arms (Fig. 3d ).
Several lineages within nominal species co-occurred sympatrically (Fig. 3) . Allopatric distributions occurred in two lineages of O. gorgonia (Fig. 3b) Lecithotrophic larvae
Planktotrophic larvae
The correlation of two independent characters (mtDNA and colour) that define these lineages implies lack of gene flow, thus all lineages meet the criteria of ESUs or phylogenetic species. Below, all analyses treat these lineages as distinct ESUs.
Demographic changes
The further confirmed demographic expansion in these eight ESUs, and indicated an onset consistently >100 ka ( Fig. 4) , except for O. nov. sp. which displayed a more recent expansion.
Spatial distribution of diversity
Nine ESUs were present in at least two localities and provided sufficient sample sizes for AMOVA (Table 2) .
Considering the PTC results obtained from all three parameters (PS, AI, MC), a significant geographic structure was found in eight of these nine (89%). The MC-statistic further identified TOL as the location most commonly influencing genetic structure, as did tests including/excluding different locations (see Appendix S2). Lecithotrophs had higher Φ st (0.35 ± 0.33) than planktotrophs (0.10 ± 0.12; U = 309, P < 0.001; Fig. 5 ).
DISCUSSION
High cryptic diversity in reef brittle-stars
Even with the limited sampling employed, the diversity of ESU increased by 70% within the SWIO and by 200% across the IWP with genetic scrutiny, supporting evidence that brittle-star diversity is substantially underestimated (Boissin et al., 2008a (Boissin et al., , 2011 Hoareau & Boissin, 2010) . Given the high species richness of IWP brittle-stars , a large fraction of this diversity has yet to be discovered.
The seven novel lineages in the SWIO satisfy the criteria for ESUs (Waples, 1991; Meyer & Paulay, 2005; Malay & Paulay, 2010; O'Loughlin et al., 2011) , because they could be distinguished by several independent characters (mtDNA, colour pattern, and distribution range; suggesting that despite their co-occurrence they are unable to interbreed and they can be considered to represent full, biological species (cf. method section on ESUs ). These ESUs, including the sympatric "subspecies" O. cincta cincta and O. cincta garretti should be elevated to the rank of species.
Diversification within the SWIO
The multiple divergences observed offer an opportunity to investigate drivers of diversification.
Geographic isolation has long been recognized as one of the main drivers of speciation (Mayr, 1954; Coyne and Orr 2004) . However, identifying geographic speciation in oceans is challenging because of the lack of obvious physical barriers (but see Quenouille et al., 2011) , the dynamic nature of the environment (Norris & Hull, 2012) , broad time range of speciation events (few to millions of generations; Jablonski, 2008; Reznick & Ricklefs, 2009 ) and difficulty of assessing extinctions (Quental & Marshall, 2010; Morlon et al., 2011) . Because these biases are exacerbated by passing time, recent speciation events provide the best evidence for the geographic setting of diversification (Lynch, 1989) .
As a result, young ESUs are useful models for understanding speciation in the sea.
We found six cases of reciprocal monophyly between Indian and Pacific Ocean populations ( Fig. 2 ), suggesting that isolation is an important driver of diversification between the two basins. These results support previous studies showing the importance of this barrier in marine diversification (reviewed in Gaither et al., 2010) . The estimated mean divergence times between sister-ESUs within the SWIO ranged from 1.6 -3.9 Ma (Table 1a) . However, caution in interpretation is required as the accuracy of these dates might be affected by small sample sizes (significant underestimation; Heled & Drummond, 2010) and the use of non-specific molecular clocks (Ho et al., 2008) . The estimated dates are associated with the late Pliocene/early Pleistocene a period characterised by increasing intensity of glacio-eustatic cycles beginning ~3 million years ago (Pillans et al., 1998) . This process is well known to have affected marine diversification in both temperate (Hewitt, 2000) and tropical regions (Paulay, 1990; Barber et al., 2006) .
Vicariance is excluded as sea-ways remained open in the SWIO even at the lowest sea-level stands (-130 m; Fig. 1 ), leaving founder speciation (long distance colonisation) and soft-vicariance (interruption of gene flow caused by oceanography) (Paulay & Meyer, 2002; Hickerson & Meyer, 2008) as likely drivers.
Different dispersal capacities lead to different levels of connectivity, which in turn should lead to contrasting diversification patterns. The overall differences in diversification between lecithotrophic and planktotrophic species observed in our data ( 
Regional maintenance of diversity
Pleistocene sea-level fluctuations and associated environmental changes strongly affected marine populations, causing range fragmentation, contraction, expansion, or extinction (Paulay, 1990; Hewitt, 2000; Provan & Bennett, 2008) . Marine regional communities are therefore composed of species that either survived in situ or colonized subsequently to these changes. The relative proportion of species in these two categories informs on the ability of a region to allow persistence of a community. Because the last glacial period (80 -10 ka) broadly impacted the demography of organisms (Provan & Bennett, 2008) , including those in the SWIO (Visram et al., 2010; Hoareau et al., 2012) , persistence of regional marine biodiversity can be evaluated from the survival of ESUs older than 80 ka. The presence of genetically divergent populations across the IWP barrier in several species suggests limited inter-basin migration (Fig. 2) . Furthermore, the in situ divergence between the SWIO ESUs of O. fallax, O. porrecta, and O. garretti are older than 1 Ma (Table 1a) . Finally, the ages of each SWIO-endemic ESUs (Table 1b) are older than several sea-level low stands (MIS 2 to 12), implying their local persistence. Here as well, caution in interpretation is required because accuracy of intraspecific evolutionary inferences is affected by small sample sizes (N<8; Heled & Drummond, 2008) ; however these errors are modest compare to interspecific inferences (Heled & Drummond, 2010) .
Environmental forcing of brittle-star demography
In spite of small sample sizes, all analyses are consistent with demographic expansions, and the expansion dates concur with periods of sea-level high stands (Table 1c ; Fig. 4 ), although with a broad credibility interval. These results need to be interpreted cautiously, because of the use of a general, echinoid-based molecular clock, rate heterogeneity among lineages, small sample sizes, and the use of a single gene. Nonetheless, the association observed between demography and sea-levels fits expectations of the contraction-expansion model, identified in both temperate (Provan & Bennett, 2008; Marko et al., 2010) and tropical taxa (Paulay, 1996; Crandall et al., 2008; Hoareau et al., 2012) . During glacial regressions, large portions of continental shelf and coral reefs became emergent (Paulay, 1990; Voris, 2000) , leading to a severe reduction of habitat area and diversity, even within the SWIO (Visram et al., 2010) . Population expansions of brittle-stars during interglacial periods are expected because of concomitant increases in shallow reef habitats. Improvements in accuracy and precision will help refine the time frame of these demographic expansions.
All species studied have pelagic larvae and experienced recent demographic expansions, two features supposed to reduce spatial genetic differentiation among marine populations (Paulay & Meyer, 2006; Kelly & Palumbi, 2010; McGovern et al., 2010; Selkoe & Toonen, 2011 ). Yet, we found support for restricted connectivity in the SWIO, with 89% of the widespread ESUs displaying some level of spatial genetic differentiation (Table 2) , and some ESUs encountered only in a subset of the surveyed areas.
Toliara (TOL), southern Mozambique Channel, had the most divergent populations (Table 2, see Appendix S2). The result is consistent with a recent genetic study (Muths et al., 2011) that highlighted the effect of oceanography on fish connectivity in the region. Our data show that lecithotrophic species have, on average, more limited connectivity than planktotrophic species, confirming previous correlations between dispersal capacity and genetic structure in other marine invertebrates (Goldson et al., 2001; Paulay & Meyer, 2006; Boissin et al., 2008b) . Moreover, unlike planktotrophic species, six of the 12 lecithotrophic ESUs were found only in a single location (Fig. 3) . Like diversification, the genetic structure of brittle-stars in the SWIO is probably also affected by both regional oceanography and dispersal capacity. These results suggest that long-term persistence of biota and their resilience to climatic changes are not dependent on high population connectivity.
SWIO as an "Evolutionary Hotspot"
Using an integrative analytical framework, we identified intra-regional speciation, examples of population persistence through Milankovitch cycles, and demographic changes in reef brittle-stars of the SWIO. These results support the SWIO reefs as a potential Evospot, but further investigations are required. More samples and additional loci are needed to improve accuracy and precision of the inferences (e.g. T mrca , AMOVA and BSP). Moreover, thorough evaluation of the SWIO Evospot will be obtained by using more taxa and broadening the biodiversity surveys to the whole distribution range of the species. It will then be possible to identify the evolutionary role and importance of the SWIO relative to the four additional marine biodiversity hotspots identified in the Indian Ocean (Roberts et al., 2002) .
Nonetheless, several additional lines of evidence support the SWIO as an Evospot: 1) the region includes five operational geographical units (Samyn & Tallon, 2005) ; 2) two biodiversity hotspots have been identified within the region (Roberts et al., 2002) and an additional one was recently identified in the northern Mozambique Channel (Obura, 2012) ; 3) a recent study identified multiple potential SWIO endemic lineages in eight IWP reef fishes (Hubert et al., 2012) . Because large marine biodiversity conservation programs start with the identification of regions of importance for biodiversity persistence (Briggs, 2005) , we believe that this analytical framework represent an efficient and rapid way to assess 
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Appendix S1 Characteristics of the brittle-star specimens used in the analyses, including the nominal species name, evolutionarily significant unit (ESU), haplotype, collection location, and GenBank IDs for both COI and 16S sequences. Significance levels: ns P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001.
Appendix S2b
Influence of localities on the genetic structure of nine species/ESUs of brittle-stars in the SWIO using the monophyletic clade (MC) statistic that quantifies the association between the phylogeny and a specific character (one locality) from the phylogeny-trait correlation analysis. The highest posterior density intervals at 95% are given in brackets. The locality codes are presented in Appendix S1. 
